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       Abstract— This paper investigates the human exposure to 
radio frequency radiations expected from future connected 
objects. The paper focuses on small objects of around ten 
centimeters. The study takes into account very recent advances 
on the design of compact antenna arrays. The specificities of 
the physical layer of wireless communication standards such as 
Orthogonal Frequency Division Multiplex waveform and 
Multiple Input Multiple Output techniques are also taken into 
account. The Specific Absorption Rate is measured for an 
object using time reversal based spatial focusing (or 
equivalently Maximum Ratio Transmission beamforming) as a 
multi-antenna technique and 8 port micro-structured antennas 
or 8 port patch antennas as compact antenna solutions.       
Keywords-component; 5G, connected objects, internet-of-
things, human exposure, micro-structured antennas, MIMO, 
Specific Absorption Rate. 
I.  INTRODUCTION 
The number of objects being connected to the internet is 
increasing very fast, confirming the emergence of a growing 
internet of things [1]. More and more of these connected 
objects are expected to be linked to the internet through a 
wireless interface rather than a cable or a physical 
connection. This motivates the current research on the future 
5
th
 generation (5G) air interface to put significant efforts on 
the particular case of machine type communications [2]. 
Small connected objects, typically with a size of ten 
centimeters or a little bit more, are expected to be close to the 
human body. 
In parallel, the concern for the human exposure to the 
radio frequency radiations from future networks is growing. 
Consequently, the assessment and the measurement of the 
level of this exposure is becoming a major research topic [3].  
Many studies have already been conducted on the 
specific absorption rate (SAR) induced by mobile phones 
and laptops [4-6] in the human head or body. Some of these 
studies even take into account the last advances in signal 
processing. For instance, the orthogonal frequency division 
multiplexing (OFDM) waveform and multiple-input 
multiple-output (MIMO) techniques, which are bricks of the 
physical layer for wireless local area networks (WLAN) and 
4
th
 generation (4G) standards [7,8] have been taken into 
account in [9][5,6].  All these study show that the measured 
levels of radiations satisfy the standardized requirements.  
However, the emerging research topic of compact 
antenna arrays [10] may change these current conclusions. 
Due to the coupling effect between antennas, the number of 
conventional antenna ports that can be packed on a device is 
limited by the wavelength. As the gain from MIMO 
techniques increase with the number of uncorrelated antenna 
ports, the research on compact MIMO antenna arrays [10] is 
growing. In [10-12], an example of compact multi-port 
antenna solution has been proposed, that enables to pack up 
to 8 ports on small objects of ten centimeters. Theoretical 
and experimental studies conducted in [11-14] have 
confirmed that these compact solutions based on micro-
structured antennas or patch antennas do exhibit the capacity 
gain due to the use of MIMO. The diagrams of these new 
antennas are far from being omni-directional and exhibit 
strong lobes in some angular directions. One can wonder 
whether these new types of antennas designed for small 
objects and likely to be close to the body, could induce a 
larger SAR. However, examples of studies [15] on the 
impact of new antennas on the SAR value, in general, are 
quite rare. 
 
Fig. 1 Human exposure to radio frequency radiations due to a close small 
connected object 
In this paper, we propose to estimate the SAR induced by 
a connection between two objects, when the transmitting 
object is of small dimension (in the order of ten centimeters), 
closed to the body, using a compact multi-port antenna 
solution such as the ones described in [11-14], and using 
using OFDM and MIMO.   
Among all the MIMO techniques, we will investigate a 
low complexity technique that is time reversal based 
focusing [15-16]. This technique enables a transmitter to 
focus the radiated energy towards a target receiver, simply by 
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using the time inverse of the channel impulse response as a 
pre-filter. Thanks to the focusing, the transmitter can lower 
its transmit power and save some energy, and still deliver the 
right signal to noise ratio at the receiver. Time reversal 
technique has also another advantage: the signal received at 
the receiver is pre-equalized (the distortions due to the multi-
path propagation channel are partially mitigated). As a 
consequence, lower complexity receivers can be used. Time 
reversal has therefore been identified as a new paradigm for 
green and low complexity wireless communications [17] and 
more recently especially for green and low complexity 
Internet of Things [18]. Time reversal technique is equivalent 
to maximum ratio transmission (MRT) beamforming [19] 
when it is combined with OFDM [20]. We will use this 
beamforming scheme to transmit several data streams 
simultaneously. We will also investigate transmit diversity 
[9], which is the simplest multi antenna scheme. The SAR 
will be measured according to the guidelines specified in 
[21]. 
The paper is organized as follows. Section II presents the 
system we are studying. Section III presents our 
measurement setup and measurement methodology. Section 
IV presents measurement results. Section V concludes this 
paper. 
II. SYSTEM DESCRIPTION 
This section presents the wireless communication system 
we want to assess in terms of SAR. 
A. Global system view 
As illustrated in Fig. 2, we consider the transmission 
between a transmitter object equipped with    antenna ports 
and a receiver equipped with    antenna ports. The 
transmitter object is supposed to be close to a human subject. 
The paper aims at evaluating the SAR induced by the 
transmitter object when it is transmitting data towards the 
receiver, with all its    antennas being activated. 
 
Fig. 2 Human exposure to radio frequency radiations due to a close small 
connected object 
Regarding the physical layer, time division duplex mode 
(TDD), OFDM waveform and MIMO transmission based on 
channel state information at the transmitter side is assumed, 
following the same principles as for 4G and WLAN 
standards [7,8]. The system is transmitting    data streams 
simultaneously, using spatial multiplexing.  
Our system processes data on a sub-carrier basis, and can 
therefore be described mathematically for any sub-carrier 
independently. For a given sub-carrier, the propagation 
channel between the transmitter and the receiver can 
therefore be modeled as a complex       matrix .     
During the uplink frame, the transmitter object sends 
pilots in the uplink and the transmitter object estimates the 
channel . Let   be the estimate of . This is the so-called 
‘channel state information at the transmitter’ side. The 
transmitter uses   to compute the precoding matrix  .  
During the downlink frame, the transmitter object sends a 
transmit vector     , where   is the     vector of data 
symbols to be sent simultaneously. On the receiver side, the 
     receive data vector   is post processed to determine 
the receive data vector   .  
Fig. 3 illustrates our system model.  
 
Fig. 3. Physical layer description 
In this paper, we focus on the signal output by the 
transmit object, which is the main source of radiation. We 
will therefore not detail the behavior of the receiving object. 
In this paper, the receiving object will be mainly used to send 
pilot signals as described in the next sub-section. 
B. Studied multi-antenna schemes 
In this section, we describe the two transmission schemes 
being studied in this paper: time reversal based focusing and 
transmit diversity.  
 
Fig. 4. Time reversal principle, single source case 
Fig. 4 recalls the principle of time reversal [15-16]. 
During a learning phase, a source sends a signal and a 
network of synchronized sensors records the received 
signals. During a focusing phase, later on, the sensors play 
their recorded signals time reversely and synchronously. The 
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resulting wave propagates back to the source with a higher 
power at the source than elsewhere. 
As illustrated in Fig. 5 spatial focusing is achieved.  Fig 5 
illustrates the case where the principle is applied to 4 
different sources. In this case, the transmitter focuses on 4 
sources. This technique is particularly interesting to achieve 
a higher target signal to noise ratio at the target source, under 
a constrained transmit power budget. 
 
Fig. 5. Time reversal principle, multiple sources case 
In a wireless communication system using OFDM, as the 
one being studied in this paper, the learning phase 
corresponds to the uplink phase where the receiver sends 
pilots and the transmitter estimates the channel   to compute 
the precoder   and the focusing phase corresponds to the 
data transmission phase, the time-reversal operation is 
equivalent to using MRT precoder [19][20]. The single 
source case is equivalent to the MISO scenario and the 
multiple sources case is equivalent to the MIMO scenario 
with spatial multiplexing of as many data streams as receive 
antennas. Using the previous notations, it is equivalent to 
using as a precoder, the       matrix  : 
       (1) 
Where    is the transpose conjugate of   and   is a scalar 
normalizing factor. Our system is designed such that the 
time-average power   allocated to one data stream and one 
transmit antenna port is a constant. With this configuration, 
the total radiated power        is therefore: 
              
 
(2) 
As   is constant,        increases with    and  . 
For the special case of     , we propose to study 
transmit diversity, which is even simpler than time reversal. 
Keeping the same notations, we simply have, in this case: 
     , (2) 
where   is a matrix full of 1’s.  
C. Studied compact multi-port antenna solutions 
In this sub-section we briefly present three examples of 
compact multi-port antenna solutions, which have all a size 
of around ten centimeters. For further details on their 
characteristics (feeding, ground plane, exact dimensions 
etc…) and performance, please refer to [11-14].  
The first solution, as illustrated in Fig. 6, is an 8 port 
system based on two pairs of patch antennas, each antenna 
supporting two different polarizations. One pair of patches is 
on the front face of the antenna, with ports P1, P2, P5 and P6 
radiating in the front. The other pair of patches is on the back 
of the antenna, with ports P3, P4, P7 and P8 radiating in the 
back.  
 
Fig. 6. 8 port patch antenna 
The second studied solution, as illustrated in Fig. 7, is a 4 
port micro-structured antenna. The ports are inserted into a 
micro-structure constituted of metallic and conductive slots. 
The four ports radiate in four different directions which are 
roughly forming a cross along the surface.  
 
Fig. 7. 4 port micro-structured antenna (ports in black) 
The third studied solution, as illustrated in Fig. 8, is an 8 
port micro-structured antenna, which roughly radiates along 
8 different directions. The ports P1, P2, P3 and P4 are similar 
to the ports of the 4 port micro-structured antenna, whereas 
the ports P5, P6, P7 and P8 (positioned at the ‘roots’ of the 
‘teeth’) are new.  
The two first solutions are flat, whereas the third one has 
some sorts of ‘teeth’ and is slightly less compact. 
 
Fig. 8. 8 port micro-structured antenna (ports in black) 
III. MEASUREMENT METHODOLOGY AND SET-UP 
In this section, we describe our methodology and our test 
bed for the measurement of the SAR in 10 g (as defined in 
[21]). We mainly follow the procedure depicted in [21].  
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Fig. 9. Measurement setup  
Regarding the measurement setup, which is illustrated in 
Fig. 9, a phantom is used to emulate a human body. The 
antenna is placed at 3 to 5 millimeters from the phantom. As 
shown in [22] and [23], for the special case of planar waves, 
there is a strong impact of the angle of incidence of the 
waves on the SAR.  As a precaution we have therefore first 
tested several positions of the antennas with respect to the 
phantom and then selected the positions that maximize the 
SAR value. The receiver is placed at approximately 2 meters 
from the transmitter, in a non line-of-sight configuration. 
This is intended to be as much as possible representative of a 
typical indoor environment. 
Regarding the methodology, we apply the superposition 
principle depicted in [24]. More precisely, the SAR induced 
by each transmit antenna port for each data stream is 
measured individually and stored. Then the      
measurements are sums up. One can note that this 
methodology is valid for measurements near the transmit 
object as the      signals are likely to be un-correlated 
random signals and therefore add up together in power. On 
the contrary, if we had measured the SAR nearby the 
receiver this methodology would not be longer valid, as 
signals arrive at the receiver coherently and therefore add up 
in amplitude.   
Regarding the measurement time, data are transmitted 
during a duration   which is chosen long enough to avoid 
summed errors due to       measurements to be too large 
[25]. We recall that the error margin for such types of 
measurements is in the order of 20%. 
The main parameters of the setup are listed in the table 
below. 
TABLE I: MAIN SYSTEM PARAMETERS 
Parameter Value 
Carrier frequency 2.4 GHz 
System bandwidth 33,4 MHz 
Sub-carrier spacing, number of sub-carriers 156,25 kHz, 
214/256 
Averaging time for measurement   20 minutes 
Regarding the antenna configurations, three different 
antenna configurations are tested which are listed hereafter. 
 
Fig. 10. Antenna configuration A 
 
 
Fig. 11. Antenna configuration B 
 
 
Fig. 12. Antenna configuration C 
In the configuration A, illustrated in Fig. 10, the 
transmitter uses an 8 port micro-structured antenna (    ), 
the receiver uses a 4 port micro-structured antenna (    ).  
This configuration cumulates the maximum number of 
streams, and therefore allows us to evaluate the SAR induced 
by the system when it is operating at its highest power 
regime: around 18 dBm. This value is in the order of current 
mobile phones emissions (around 20 dBm [26]). 
In the configuration B and C, illustrated in Fig. 11 and 
Fig. 12, respectively, the transmitter uses an 8 port micro-
structured antenna (    ) and a 8 port patch antenna 
respectively, and the receiver uses a single port dipole 
antenna (    ). The resulting output power is             
dBm.  These two configurations enable us to compare the 
influence of the antenna design on the SAR value. 
IV. MEASUREMENT RESULTS 
Five different scenarios are tested, which are listed in Table 
II with their corresponding measured SAR values. 
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TABLE II: TESTED SCENARIOS 
Scenario Antenna  
configuration 
Scheme         
(dBm) 
SAR on 
10g    
  ( W/kg) 
1 A Time Reversal ~18 0.96+/-0.2 
2 B Time Reversal ~12 0.28+/-0.06 
3 B Transmit 
Diversity 
~12 0.17+/-0.04 
4 C Time Reversal ~12 0.12+/-0.03 
5 C Transmit 
Diversity 
~12 0.18+/-0.04 
The scenario 1, which is the one with the highest output 
power leads to a SAR of 0.96 W/kg which is far below the 
standardized value of 2. We have also observed that 0.65 
W/kg are due to the ports P1, P2, P3 and P4 (i.e. the ports 
belonging to the flat part of the antenna) whereas only 
0.31W/kg are radiated by P5, P6, P7 and P8 (i.e. the ports 
placed at the roots of the ‘teeth’ of the antenna).  
By comparing scenario 2 to 4, and scenario 3 to 5, one 
can observe that the influence of the antenna design on the 
SAR is low, even though the radiation patterns of these 
antennas are known to be different [11-13]. This is due to the 
fact that in both cases, the 4 ports among the 8 are 
contributing to the SAR, with equal power (3 dBm per port 
and per data stream). For the 8 port patch antenna, these 
contributing ports are P1, P2, P5 and P6, whereas for the 8 
port micro-structured antennas, these contributing ports are 
P1, P2, P3 and P4. 
By comparing scenario 2 with scenario 3 and scenario 4 
with scenario 5, one can also conclude that there is not a 
large influence of the transmission scheme (either time 
reversal or transmit diversity) on the SAR value.    
V. CONCLUSIONS 
In this paper we present some experimental results on the 
expected specific absorption rate induced by a connected 
object of reduced dimensions (around ten centimeters) over 
the human body.  The last advances in the physical layer 
such as orthogonal frequency division multiplexing 
waveform and multiple input multiple output, and the last 
advances in antenna design such as compact multi-port 
antennas are taken into account to better reflect the future 
connected objects technology. Measurements of the specific 
absorption rate of a body closed to an 8 port micro-structured 
antenna transmitting four independent streams at 18 dBm 
exhibit a specific absorption rate value around 1, which is far 
below the maximum authorized value of 2.  A comparison 
between two different compact antennas (micro-structured 
antennas and patch antennas) shows no significant difference 
in terms of induced specific absorption rate. A comparison 
between two multiple input multiple output techniques (time-
reversal based focusing and transmit diversity) shows no 
significant difference either.  We therefore conclude that the 
human exposure to radio frequency radiations induced by 
connected object using the emerging technology of compact 
multi-port antennas is not large.  
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